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The free fall of a sphere in a viscous liquid has been studied experimentally 
in the range of low Reynolds numbers. The accelerated motion in the initial 
part of fall and the plane side-wall effect in the terminal or steady falling were 
observed. The experimental results were compared with earlier theories based 
on the Stokes approximation. It was found that (1) Basset's approximate solu-
tion is not adequated at low terminal Reynolds number greater than 0.1, (2) Mo-
orman's experimental correlation in the accelerated portion of free fall is useful 
in the range of 10-1---103 terminal Reynolds number and (3) Faxen's and Stock's 
correction for the plane side-wall effect agree well with experimental data. Fur-
ther we proposed experimental formulae for the distance fallen in the accelerated 
portion and the wall effect on the steady falling of a rectangular cylinder. 
1. Introduction 
The flow of an unbounded viscous fluid around a sphere moving with a constant 
velocity has been studied vigorously for a long time as one of typical problems in 
fluid mechanics because of its geometric simplicity and a variety of engineering 
applications. It is impossible to achieve experimentally an unbounded steady flow 
which is assumed by theories. This paper is concerned with the unsteady motion and 
the effect of finite boundaries on the flow. 
The effect of finite boundaries on a falling sphere, known as the wall effect, depe-
nds on the distance of the sphere from the boundary relative to the diameter of the 
sphere. The wall effect is employed in the falling sphere viscometer. For this appli-
cation, the research on the wall effect has been made mainly for a circular cylinder 
wall. The theoretical analysis in the Stokes region was pioneered by Ladenburg.10 ) 
Experiments have been performed by amongst others Suge1S ) and Francis7) in the low 
Reynolds number region, and Fidleris & Whitmore6) over the wide range of Reynolds 
number. While the plane side-wall effects have been studied theoretically in the 
Stokes region by Faxen5) and later workers, the experimental data to verify these 
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theoretical results have scarcely been published so far. 
There are two groups of investigations on the transient motion of falling sphere. 
One is experimental at high Reynolds number (AlIenI), Cook4) and Lunnon12 ») and 
uses the concept of the virtual mass for a perfect fluid. The other is the theoretical 
analysis for low Reynolds numbers based on Basset's equation2 ) which was solved by 
Brush et aP) using the Laplace transforms. There seem to have been no experiments 
at low Reynolds numbers. 
In this paper we report an experimental study on the transient motion and the 
plane side-wall effect for a falling sphere at comparatively low Reynolds number 
region. The results are compared with theoretical predictions based on the Stokes 
approximation. We propose empirical relations for the falling distance during the 
transient motion and the rectangular cylinder wall effect for the steady falling. 
2 Experiments 
2.1 Apparatus and method 
The experiments were made mainly in the darkroom. The arrangement of appa-
ratus is shown in Fig. 1. A sphere was 
dropped into the testing liquid filling a 
vessel and the state of a falling sphere 
was photographed by an opened camera 
set in the front face of the vessel under 
the flash of the stroboscope (5-15000 r.p. 
m.). The instant velocity of a sphere 
was determined from the displacement of 
Fig.1 The arrangement of experimental 
apparatus. 
a sphere on a photograph and the flashing 
interval measured by the phototube-time 
counter method. But, in the experiment on 
the wall effect of which the observation was 
done only in the steady falling, the velocity 
of a sphere was calculated from the known 
distance between two marks and the passing 
time measured by the stopwatch, in so far as 
the falling of a sphere was slow enough to 
be observed visually. 
The test vessels, shown in Fig. 2, have 
rectangular cross section and are made of 
acryl plastics. The vessel II is different 
from the vessel I in the dimension of each 
part and is used in the case that the long 
itt .! {1 .! fu :. 
IkAull 30 30 30 
~1l 27 34 60 
* These Lenttth ,s inSide one 
Fig.2 The dimension of testing 
vessels. 
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measuring region is necessary. Besides, in order to examine the wall effect, it is 
possible to set acrylic plates L 1 and/or L 2 in the interior of vessel vertically. And, 
if necessary, we can have fluid regions bounded by a plane side-wall, two parallel 
plane side-walls and the rectangular cylinder wall. 
In the faIling of a sphere, it was released quietly, taking care about the prerotation 
and the non-zero initial velocity that is, in particular, important in the experiment of 
the transient motion. For that, we used an electrical magnet for steel spheres and 
a glass tube of about 10 cm long for plastic spheres. Though the vessel was filled 
with the testing liquid, we used the intermediate part where was about 5 cm distant 
from the free surface and the bottom as the measuring region, in consideration of 
the influence of the free surface and the bottom of vessel. 
The details of the determination of instant velocity and the evaluation of wall 
effect are described in Kitasho's thesis. 9 ) 
2.2 Spheres and testing liquids 
The spheres used in the experiment are steel ones, teflon ones, and acryl ones 
commercialized for the use of ball bearing. Their diameter was measured by the 
micrometer and their specific weight was determined by the weight-volume method. 
Some properties of spheres used are tabulated in Table 1: 
Tabe 1 Some properties of spheres 
I 
I DIAMETERI SPECIFIC NAME MA TERIAL \ c WEIGHT 
m _ g/cm3 _ 
S 1.5 0.150 7.803 
S 2.0 
S 2.4 
S 3.0 
S 4.0 
S 6.0 
S 8.0 
S 10.0 
S 12.6 
T 3.1 
T 4.7 
T 6.4 
T 7.9 
T 9.5 
T 12.7 
A 5.9 
A 6.7 
A 7.9 
A 9.3 
A 12.5 
STEEL 
TEFLON 
ACRYL 
0.200 
0.238 
0.300 
0.397 
0.600 
0.794 
1.000 
1.268 
0.309 
0.467 
0.628 
0.800 
0.948 
1.268 
0.597 
0.670 
0.780 
7.700 
7.786 
7.786 
7.780 
7.783 
7.783 
7.792 
7.846 
2.220 
2.190 
2.176 
2.176 
2.163 
2.177 
1.197 
1.192 
1.193 
The testing liquids are aqueous solut-
ions of Glycerin, Polyethylene-Glycol 
(#300) and Unilube (MB-168). Their pro-
perties are shown in Table 2. As these 
liquids are Newtonian, their kinematic 
viscosity was measured by a Ubbelohde 
capillary viscometer. Their specific 
weight was determined by a hydrometer. 
Under the experimental condition (temp. 
5 ---20°C), that was 30-3500 c.St. and this 
was 1.06-1.25 g/cm3 • 
Table 2 Some properties of 
testing liquids. 
LIQUID 
(Temp. °C) 
GLYCERIN 
(20.0) 
POLYETHYLENE 
GLYCOL 
#300 (20.0) 
UNILUBE 
MB-168 (20.0) 
KINEMATIC 
VISCOCITY 
c.St. 
850 
50 
2500 
SPECIFIC 
WEIGHT 
g/cm3 
1.251 
1.126 
1.063 
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3 Results and Discussion 
3.1 Drag coefficient 
When a sphere moves with a constant terminal velocity VT in the still fluid, its drag 
coefficient CD is defined as following 
CD=~---- ·········(1) 
2Pv2Trra2 
where D is the drag, p the density of fluid and a the radius of sphere. The 
. R 2avT C drag coefficient is, in general, a functIon of Reynolds number e=-- J,I is the 
J,I 
kinematic viscosity of fluid). In the region where the Stokes approximation is appli-
cable, 
........ ·(2) 
This is the dimensionless form of Stokes 
law. Experimental resuts begin to de-
viate from Eq. (2) at a Reynolds number 
between 0.1 and 1. Many master curves 
and empirical relations are available over 
a wide range of Reynolds numbers. In 
this paper, we use Eq. (2) in the Stokes 
region and the master curve of Lapple 
& Shepherdll ) CL-S master curve). 
The figure 3 shows the relationship 
between the drag coefficient and the Re-
ynolds number. The area ratio of the 
maximum cross section of a sphere to the 
cross section of the vessel was from 2 x 
10-5 to 2 X 10-3• Except the case that this 
ratio was extremely large (close to 2 x 
10-3), the influence of the vessel wall was 
10' 
10' 
10 
1 l'-:;-O·'~~'-'---':Hi';---~~1-':;-6' -~"""""'~~-'-'-I-'--O ~~~. 
Re 
Fig.3 The drag coefficient in the steady 
falling as a function of the Reyno-
lds number. 
Experimental values : 
o Acryl spheres, () Teflon spheres, 
A Steel spheres. 
-: L-S master curve. 
, •..... : Stokes law, Eq. (2). 
within the experimental error. Therefore, in Fig. 3, no corrections for the wall 
effect were made. Our experimental results agreed with Eq. (2), the straight broken 
line in the figure, in the range of Re<0.3. From this finding, it is presumed that it is 
possible to evaluate the effectiveness of the Stokes approximation in the transient 
motion by the experimental results in the Reynolds number of order of 10- 1• The 
solid curve in Fig. 3 is the L-S master curve. It was found that the L-S master curve 
coincided with the experimental results over the wide range. And then, we regard 
its curve as the reference curve in the unbounded region and use it as the criterion 
for the subsequent discussion. 
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3.2 Transient motion 
The drag on a sphere starting from rest was found by Basset2 ) from the linear 
approximation to Navier-Stokes equation. The equation of motion for a sphere con-
tained the Basset's drag may be solved using the Laplace transforms. According to 
Brush et aP), the solution in the dimensionless form is 
v vc2+h2 -v;= 1 + h e-h2T[ec2Tsin(2chT-a.)er!c(cVT) 
2vT ·h2 
- V7r- j ey2Tcos{2c(h-y)T -(J.}dy ··· .. ····(3) 
o 
c 
h 
tana.=-c-' VT 
9 
4a2(S-1)g 
181i 
where, t is the time, g the gravitational 
acceleration, Ps the density of sphere and 
fJ the dynamic viscosity of fluid. From 
Eq. (3), it is found that the transient cha-
racteristic (v/vr---T) is independent of the 
terminal Reynolds number ReT and depe-
nds on only the density ratio S. 
The experiment was made in ReT=0.14 
---69, using steel spheres. The figure 4 
shows the experimental results of V/VT 
and T. It is evident from the figure that 
(a) the transient characteristic depends 
on ReT, even if ReT is small as 10-\ (b) 
each characteristic curve is similar and 
has the form of letter "S" and (c) the 
characteristic curve tends to the larger 
part of T with the decrease of ReT. This 
S=~ 
- P , 
Fig.4 The relationship between the dimen-
sionless velocity V/VT and the chara-
cteristic time T. 
Experimental values : 
o ReT=O.14, e ReT=O.17, 
(9 ReT=O.32, • ReT=O.45, 
EB ReT=O.84, ~ ReT=1.2, 
o ReT=2.9, C) ReT=6.5, 
e ReT=9.6, () ReT=12, 
CD ReT=27, C) ReT=44, 
® ReT=69. 
--: Brush et ai's solution, Eq. (3), 
5=6.65. 
is analogous to the results of the experiment by Moorman13 ) which was carried out in 
the range of higher Reynolds numbers. Therefore, it seems to be quite all right to 
consider the present data rational ones. The solid line in the figure is the calculated 
result of Eq. (3). In our experiment, the density ratio was from 6.5 to 6.8. As the 
effect due to the density ratio is negligible in such a range, the result at S=6.65 was 
entered in the figure as the representative curve. Clearly, the theoretical curve does 
not agree with the experimental results and it is shown that the lower ReT, the larger 
the difference becomes. From this fact, we may conclude that the Stokes approxima-
tion is not effective in the range of ReT>lQ-l. 
Odar15 ) considered the inertia term neglected in Eq. (3) and proposed an approxi-
162 
mate equation of motion containing experimental coefficient, 
dv 
dv 1 dv--S t d:r 
mSdt=(ms-m)g-2CDPv!v!rra2-CAmTt-CHa2YrrPfJ. 0 yt_-rd-r 
CA=1.05- A~~~~12 CH=2.88+ (A~i; Y AC=2~a ·········(4) 
3S 
30 
j. 25 
? 
20 
15 
10 
0.02 0.04 0.06 0.08 0.10 
i;sec 
Fig.5 The velocity change in the 
transien t motion. 
Experimental values : 
o ReT=O.45, ® ReT=1.2, 
~ ReT=8.5, CD ReT=16, 
• ReT=27, 8 ReT=40, 
C» ReT=69. 
Odar's solution, Eq. (4). 
where ms is the mass of sphere, m the displa-
cement mass of liquid and (3 the acceleration 
of sphere. He solved Eq. (4) numerically and 
compared his solution with the experimental 
results of Moorman.13 ) The figure 5 shows 
our experimental results and the calculated 
results of Eq. (4). From this figure, it is seen 
that the calculated results do not agree with 
the experimental data, except in the range of 
ReT=10----30. It is all the same to Moorman's 
dataY) It seems that this disagreement is 
due to that the experimental coefficients in 
Eq. (4), CA and CH , were determined by the 
experiment on simple harmonic motionW 
which differed from the free fall motion in 
the type of motion. 
Moormanl3 ) carried out some free falling 
1.0 
0.9 
0.8 
experiments in the range of ReT=O. 9-
2030 and discussed his data on the basis 
of the following equation 
~~ 
0.7 
0.6 
O.S 
v -~T 
-= 1 -e S+CM ·········(5) 
VT 
where CM is an experimental dimension-
less constant. And, Moorman found an 
experimental correlation that was useful 
in his experimental region. That is, in 
Eq. (5), putting the value of T at v/vT=0.6 
as T 6, this equation is transformed to 
~= 1 _e-O.916~ 
VT 
...... "'(6) 
and the transient characteristic is descri-
bed as a function of T /T 6 only, by using 
0.4 
0,3 
0,2 
10-' 
*' 
10 
Fig.6 Moorman's experimental correlation 
in which the dimensionless velocity 
VjVT is plotted against the characte-
ristic time ratio TjTs. 
Experimental values : 
CD ReT=O.14, • ReT=O.45, 
8 ReT=1.8, () ReT=4.3, 
o ReT=12, ~ ReT=24, 
® ReT=39. t> ReT=69. 
--: Moorman's correlation, Eq. (6). 
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an experimental factor T 6 determined from experimental data. 
Moorman's experimental correlation (v/vT"-T /T 6) was applied to our experimental 
results. Some results are plotted in Fig. 6. The solid line in the figure is the calcu-
lated result of Eq. (6). It is clear that experimental results are brought together well 
and are represented by a characteristic curve. Moreover, from a success in this 
experimental correlation, it is found that the relationship between the acceleration 
and the velocity of a sphere under the transient motion is linear in the region of the 
present experiment and differs from the linear relation between the acceleration and 
the velocity squared in the Newton region (ReT= 103-....105) which was discussed by 
Cook 4), Schmidt17 ) Lunnon12 ) and so on. 
3.3 Plane side-wall effect 
We examined the plane side-wall effect 
on the steadily falling sphere, in three 
cases shown in Fig. 7. In order to dist-
inguish whether the fluid spreads bound-
lessly or not, if necessary, the subscript 
00 is added to a quantity in the boundless 
region, for example Voo' 
3.3.1 Parallel two plane side-walls 
In the case of a sphere falling steadily 
between parallel two plane side-walls, as 
shown in Fig. 7-a, Faxen5) ,8) obtained the 
following equation in the Stokes region 
by using the method of reflections. 
(a.) (b) (C) 
Fig.7 The disposition of plane side-walls 
and a sphere. 
Ca) The parallel two plane side-walls, 
(b) The rectangular cylinder wall, 
(c) The parallel one plane side-wall. 
v ( a \ ( a ) " a)3 ( a)5 VOO =/ISF t-)= 1 -1.004 t- +0.418\£, -0.169 T ." .... "(7) 
The experiment was carried out in the range of ReT=10- 3--102 and a/~.s;0.85, using 
steel spheres, teflon ones and acryl ones. The relation ship between the drag coeffi-
cient and the Reynolds number in steel spheres is shown in Fig. 8. The solid line in 
the figure is the L-S master curve and the broken line is Stokes's one. From this 
figure, it is found that the larger a/~, the larger the drag coefficient becomes and the 
rate of its increase is constant in the Stokes region and decreases in the region of 
higher Reynolds number. It is the same to teflon spheres and acryl ones. Besides, 
in order to describe this finding clearly, the velocity ratio v/voo and Reo<; were calcu-
lated using the graphic method of Fidleris & Whitmore6). The results are shown in 
Fig. 9. From the figure, it is found that at a given Re oo ' the larger a/~, the smaller 
v/v oo is and at a given a/£, v/v<:>o is nearly constant in the Stokes region and it incre-
ases gradually in the region of higher Reynolds number (the decrease of the wall 
effect). The difference due to the material of spheres (the density effect) was, 
of course, negligible. Such a tendency agrees with the experimental results in the 
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lei 
10' 
10 
Fig. 8-a The drag coefficient under the 
presence of parallel two plane 
side-walls as a function of the 
Reynolds number-steel spheres. 
Experimental values : 
ul 
,,-
• a/£=0.1, <) a/£=0.3, 
... a/£=0.5, 0 a/£==0.7. 
-_. L-S master cur ve. 
~ ..... ; Stokes law, Eq. (2). 
Fig. g-a The relationship between the 
velocity ratio v/voc> and the 
Reynolds number in the infini-
te extent Re oo • 
Experimental values ; 
o a/£=0.1, <) a/£==0.3, 
L::.. a/£=0.5, 0 a/£=0.7. 
Solid-Steel spheres, Half solid-
Teflon spheres, Open-Acryl 
spheres. 
--; Faxen's solution, Eq. (7). 
,,' 
". 
10' 
10' 
10 
Re 1 
Fig. 8-b The drag coefficient under the 
presence of parallel two plane 
side-walls as a function of the 
Reynolds number-steel spheres. 
Experimental values : 
• a/£=0.2, <) a/£==0.4, 
... a/£=0.6, 0 a£=0.8. 
L-S master curve. 
, ....•. ; Stokes law, Eq. (2), 
o.q • • •• II 
~~~f~i: "~".""' .• ,. 
CIo •• CI 
• ea •• 
"" 0.8 0 o. 0--.-
10
0
' 
,<, ,," Roo I 
. . 
III. 
Fig. 9-b The relationship between the 
velocity ratio v/voc> and the 
Reynolds number in the infini-
te extent Re oo • 
Experimental values : 
o a/£=0.2, <) a/£=0.4, 
L::.. a/£=0.6, 0 a/£=0.8. 
Solid-Steel spheres, Half solid-
Teflon spheres, Open-Acryl 
spheres. 
--: Faxen's solution, Eq. (7). 
,it 
circular cylinder wall reported by Fidleris & Whitmore6 ). The solid line in Fig. 9 is 
Eq. (7). When a/" is small, Eq. (7) is slightly lower than experimental results. But, 
considering the scatter of experimental results, it seems to be all right to consider 
their coincidence satisfying. 
16'5 
3.3.2 Rectangular cylinder wall 
The rectangular cylinder wall, as shown in Fig. 7-b, influences a falling sphere. 
As far as we know, the theoretical expression of v/v oo has not been reported till 
now. From the fact that Stokes's equation of motion is linear and it is possible to 
superpose its solution, we consider superposing the Faxen's result of the parallel two 
plane side-walls in two orthogonal directions. And we obtained the following equation. 
The experiment was made in the perfect 
Stokes region (Re oo =10-a""""'10-2), using acryl 
spheres. And, other conditions were .e 1=2cm, 
3cm and .e 1/.e2=1/4, 1/2, 2/3, 1. The figure 
10 shows the relationship between v/v oo and 
a/.e 1• In the figure, .e1/.e2 is a parameter and 
some calculated results of Eq. (8) (the cases 
of .et! .e2=1/2, 2/3 are neglected) are written 
by solid curves. The theoretical results do 
not agree with experimental data. From 
this comparison, it is seen that the simple 
superposition of the plane side-wall effect in 
two orthogonal directions is not so effective 
as we expect. Moreover, the experimental 
results in the case of .e 1/.e2=1/4 agree appro-
ximately with the calculated result in the 
case of .et! .e2=0, that is, the parallel two plane 
side-walls. This may be interpreted as : in 
the case of .et! .e2<1/4, the effect of the second 
parallel two plane side-walls is not so large 
as one of the first and is negligible. 
3.3.3 Parallel one plane side-wall 
0.7 
~I;,l' 
O.b 
0.5 
0.3 
0.2 
0.1 
· .. ······(8) 
o 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3 
t 
Fig. 10 The velocity ratio v/voo as a 
function of a/ £1 and £tI £2. 
Experimental values : 
o £tI£z= 1/4, <) £tI£z= 1/2, 
.0.. £tI£z=2/3, 0 £tI£z=l. 
--: Solution based on the 
superposition, Eq. (8). 
In the case of Fig. 7-c, Faxen16 ) solved Oseen's equation of motion and obtained 
v: =fOF ( to ' Re oo )= 1 - 1~ Re oo - 196 ( .e~ ) • x [ 4~i'io) ] 
+ ~ ( .e~ r -2~6 ( .e~ r --k( .e~ r ·········(9) 
x[ 4~i'io) J= 1 - ~ [ 4ta/7a)]+ i~ [ 4~/£:) J3 - ........ . 
On the other hand, Lorentz16 ) and Stock16) obtained Eqs. (1.0) and (11) respectively from 
Stokes's equation of motion. 
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Lorentz 
1+ 196(ta) 
1 
........ '0.0) 
Stock 1 
1 
•...••.•. 0.:0 
1 ( a )3..- 9 ( a )l 
8 £-; L 1 +16 £-;. J 
1 --l6-( to ) 
In Eq. (9), when ReOoO-?O, X-?1. Therefore, we obtain 
Faxen v: =IaSF( £~ )= 1 - 196 ( to )+-}( £~ r -2~~-( £~ r -l6 (-to-r ...... (12) 
a.B 
~:=1 
0.,/ 
0.6 
0,5 
0.4 
0.3 
0.2 0 0.1 0.2 0.3 0.4 0$ 0.6 0.7 0.8 o.q 1.0 
s.. 
t. 
Fig. 11 The velocity ratio v/v oo under the 
presence of the parallel one plane 
side-wall as a function of a/ .eo. 
Experimental values: o (a/.e o<O.8). 
Lorentz's solution, Eq. (10), 
Stock's solution, Eq. (11), 
Faxen's solution, Eq. (12). 
4 Experimental Formulae 
The experiment was made in the range 
of Re oo =0.02"""-'0.5, using teflon spheres. 
In the region of al£o<0.8, a sphere fell 
parallel to the plane side-wall without its 
rotation. In such a region, vivO<:) was 
plotted against a/ £0. It is Fig.. 11. In the 
figure, Eqs. 0.0), (1:1) and (12) were entered. 
Stock's formula agreed well with the 
experimental data in a wide range. 
In the case that a sphere fell extremely 
close to the wall Cal £0>0.8), it was esta-
blished from the observed results that a 
sphere rotates as Fig. 7-cB) and goes 
away from the wall.9) But, at present, 
we do not arrived at the level to discuss 
this phenomenon quantitatively. 
On the basis of the above facts, we made experimental formulae for (1) the distance 
fallen in the accelerated portion and (2) the wall effect on the steady falling of a 
rectangular cylinder. 
4.1 Distance fallen in the accelerated portion 
We found in Section 3.2 that Moorman's experimental correlation was very effe-
ctive in the range of ReT=10- L -...103• In this characterization, an experimental factor 
T 6 plays an important role and its functional relation is, in general, expressed as 
T 6=T lS,ReT) 
Then, from the experimental results by Moorman and the authors, the relation bet-
ween T6 and ReT was plotted for each value of S CS is a parameter). It is Fig. 12. 
In this figure, the experimental results are represented by parallel straight lines. 
That is, To is proportional to ReT-o•G5 • Therefore, if these proportional constants are 
approximated by a linear equation of S, T 6 be comes 
T6=CO.14S+0.38) • ReT-o•65 ......... Q.3) 
Substituting Eq. ~3) for Eq. (6), putting 
V=~: and integrating under the initial 
condition: z=O at t=O, for the falling 
distance z, we obtain 
z 
-a-=(O.15S+0.41) • ReTo. 3• 
~ -£n( 1 _~)_~_l 
t VT VT I 
......... ~ 
Now, regarding the falling state that V/VT 
is equal to 0.99 as the terminal or steady 
falling one, for the falling distance to 
reach the steady state ZT, 
~-=(O.54S+ 1.48) • ReTo. 3 •••••••••• (1.5) 
is obtained. 
Let us try some discussion about the 
transient motion. For the sphere of S= 
2.5 used by Moorman13l , calculating ZT at 
ReT=O.l, zr/d is 1.26. Using a sphere 
(2a=0.637cm) in the observation at ReT= 
0.9, ZT becomes 0.80cm. In such a condi-
tion, it is difficult to analyze the transient 
motion of a sphere. It seems this is a 
reason why he could not extend his expe-
rimental region to the Stokes region 
where the Reynolds number is lower than 
in his measurement. According to our 
experience based on the present work, 
if zr/ d~2. 5 for a metal sphere, it is pos-
sible to analyze the transient motion. And 
then, if we use a gold sphere of high 
density (S::::-19) used by Fidleris & Whit-
more6), the minimum of ReT becomes 0.012 
by the extrapolative application of Eq. (1.5). 
That is, the observation in the region 
where ReT is lower by one order than in 
the present work may be possible. 
4.2 Rectangular cylinder wall effect 
It was found in Subsection 3.3.2 that 
Eq. (8) disagreed with the experimental 
results. Then, the experimental results 
~ 
10 
-, 
e. 
e. 
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101...,O_I,.---L---'----'--'-'---'---'--'--'-1.J....O-'----'--L...L-.I....:---L...---'-~ 
ReT 
Fig. 12 Moorman's experimental factor T 6 
as a function of the terminal Rey-
nolds number ReT and the density 
ratio S. 
Experimental values : 
This work. S=6.65 (6.50,,-,6.80), 
Moorman CD S=9.15 (8.86,,-,9.44), 
o S=3.60 (3.51----3.69), 
_ S=2.50 (2.45"-'2.56). 
Straight lines representative 
of experimental results, 
T 6cxReT-o.65. 
Fig. 13 The relationship between (ujVOQ)e:cp. 
and (t1jVoo)cal. (vjvoo)e:cp. is experi-
mental and (vjVOQ)cal. is calculated 
by Eq. (8) on the basis of aj.e1 and 
.ed.e2 equivalent to experimental 
values. 
Experimental values: 
o .etl.e2= 1, <> .ed.e2=2j3, 
L:::.. .etl.e2=lj2, 0 .etl.e2=lj4. 
--: Correlative straight line, Eq. 
(16), K 1:::0.16, K2:::0.84. 
Perfect correlation, (vjVOQ)e:cp. 
= (V/Voo)cal. 
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(V/Voo)exp was plotted against the calculated results (V/Voo)caL based on Eq. (8). It is 
Fig. 13 in which £t! £2 is a parameter and its difference is expressed by a variety of 
marks. From this figure, it is found that the effect due to £1/£2 is brought together 
well and (V/Voo)exp is approximated by a linear equation of (V/Voo)caL as follows. 
(v: txp=K1+K2• (v: )caL ......... (16) 
where K1 and K2 are the dimensionless constants. Determining K1 and K2 from the 
solid line in Fig. 13, 
K 1=0.16, K2=0.84 
Substituting these values into Eq. (16,) and considering Eq. (8), we obtain an empirical 
expression as 
_v =f2STK(~ ~)= 1 -0.843(~)[ 1 +(~L)J 
v 00 £1 , £2 £1 £2 
+0.351( ~ y[ 1 +( ~~ YJ-0.142( ~ )ll +( ~~ YJ ·········0.7) 
In the case of £1/£2=1, that is, a square cylinder vessel, Eq. 0.7) becomes 
v: -hSTK( ~ ,1 )= 1 -1.686( ~ )+0.702( ~ Y -0.284( ~ r 
Let us consider the wall effect of the vessel I and the vessel II. If we use the 
largest sphere (2a=1.268cm) in the present work, from Eq. 0.7) and Eq. (LB), the calcu-
lated results are as follows : 
Vessel I Square 
Vessel II Rectangle 
a/ £1 =0.04227, 
a/ £1 =0.04696, 
£1/£2= 1 
£d £2=0.7941 
(V/Voo)I =0.929 
(v/v oo )rr=O. 929 
That is, in such cases, it is necessary to correct by about 7% for the wall effect. 
5 Conclusions 
On the motion of a sphere falling in a viscous liquid, we investigated the transient 
characteristic in the initial region of fall and the plane side-wall effect in the steady 
falling, experimentally. From the results, we obtained the following conclusions. 
On the transient characteristic 
(1) Even in the region of the low terminal Reynolds number (ReT""""'10- 1 ), the appro-
ximate solution based on Basset's equation is ineffective and the transient characte-
ristic (v/vT--T) depends on ReT. 
(2) In the region of ReT=10- 1 ........ 103, the transient motion is characterized by Moor-
man's experimental correlation (v/vT,......"T /T 6 ). The falling distance of a sphere in the 
accelerated portion is evaluated by the empirical expression (j4). 
On the plane side-wall effect 
(3) In the case of a sphere falling steadily between parallel two plane side-walls, at 
a given Reoo , the larger a/£, the smaller v/v oo is and at a given a/£, v/v oo is nearly 
constant in the Stokes region and increases gradually in the region of higher Reynolds 
number. In the Stokes region, Faxen's formula (7) agrees well with the experimental 
results. 
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(4) The rectangular cylinder wall effect in the Stokes region is evaluated by the 
experimental formula (p) proposed by us. 
(5) In the case of parallel one plane side-wall, when a/.eo<O.8, a sphere falls verti-
cally without its rotation and the wall effect is expressed well by Stock's formula (11). 
But, in the case that a sphere approaches extremely to a vertical side-wall (a/.eo>O.8), 
a sphere falls with its rotation and goes away from the side-wall. 
This paper is based on the Master thesis of K. Kitasho. Thanks are expressed to 
Prof. I. Ashino of Uuiversity of Fukui. 
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